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A lid-driven L-shaped cavity filled with a porous medium is analyzed. The Galerkin weighted residual
method is applied to obtain numerical solutions. The effect of the Reynolds number (Re = 1–100),
Grashof number (Gr = 103–105) and Darcy number (Da = 105–103) on the velocity and temperature
fields is examined. For the vertical wall, a higher heat transfer rate is observed when a low Grashof num-
ber, higher Darcy number and higher Reynolds number are applied, but the opposite characteristic is
found in the horizontal wall. It is evident that heat transfer decreases up to 63% in the horizontal wall
when the flow has a high Reynolds number (Re = 100).
 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Mixed convection flow is a combination of both forced and nat-
ural convection. It is the most general case of convection when an
outer forcing system and an inner volumetric force act simultane-
ously, and has received much attention in the literature. In the
fields of engineering and science, there are extensive applications
of mixed convection in porous media, and so numerous studies
have been carried out to analyze the behavior and interaction
mechanisms of the thermal and flow fields under different condi-
tions. Applications of mixed convection flow include crystal
growth, spray and flash dying, combustion of atomized liquid fuels,
thermal–hydraulics of nuclear reactors, the cooling of sophisti-
cated electronics and heat exchanger devices, float gas production,
dehydration operations in chemical and food processing, and lubri-
cation technology. Salam Hadi Hussain [1] analyzed heatlines and
entropy generation during double-diffusive MHD natural convec-
tion within a tilted sinusoidal corrugated porous enclosure. Com-
bined convection heat transfer and fluid flow in a partiallyheated porous lid-driven cavity was investigated by Oztop [2].
He concluded that heat transfer decreases as the Richardson
number (Ri) increases, but that increments in the Darcy number
(Da) cause heat transfer to rise. Sameh E. Ahmed [3] studied mixed
convection from a discrete heat source in enclosures with two
adjacent moving walls and filled with micropolar nanofluids.
Numerical modeling of thermal characteristics in a microstructure
filled porous cavity with mixed convection conducted by Bhuiyan
et al. [4]. Javaherdeh et al. [5] studied natural convection heat
and mass transfer in MHD fluid flow past a moving vertical plate
with variable surface temperature and concentration in a porous
medium. Khanafer and Vafai [6] carried out a numerical study of
mixed convection heat and mass transport in a lid-driven square
cavity filled with a non-Darcian fluid-saturated porous medium,
and reported that the buoyancy ratio, Reynolds number (Re), Darcy
number, and Richardson number have a profound effect on heat
transfer. A numerical study on natural convection in porous
media-filled an inclined triangular enclosure with heat sources
using nanofluid in the presence of heat generation effect is con-
ducted by Mansour and Ahmed [7]. Agarwal et al. [8] investigated
double diffusive mixed convection in a lid-driven porous cavity. It
was observed that convection flow was significant up to Darcy
number of 0.1. Nasseddine Ouertatani et al. [9] studied the intri-
cate three-dimensional flow structure and heat transfer rate in a., Int. J.
Nomenclature
Da Darcy number
g acceleration due to gravity (m s2)
h heat transfer coefficient, (Wm2 K1)
k thermal conductivity of the fluid (Wm1 K1)
L length of the square cavity (m)
K permeability (m2)
N total number of nodes
Nuv Nusselt number on vertical wall
Nuh Nusselt number on horizontal wall
p pressure (Pa)
P dimensionless pressure
Pr Prandtl number
R residual of weak form
Re Reynolds number
Gr Grashof number
T temperature (K)
Th temperature of hot bottom wall (K)
Tc temperature of cooled side walls (K)
u x-component of velocity (m s1)
U x-component of dimensionless velocity
U0 lid-velocity (m s1)
v y-component of velocity (m s1)
V y-component of dimensionless velocity
X dimensionless distance along x-coordinate
Y dimensionless distance along y-coordinate
Greek symbols
a thermal diffusivity (m2 s1)
b volume expansion coefficient (K1)
c penalty parameter
H dimensionless temperature
e porosity
m kinematic viscosity (m2 s1)
q density (kg m3)
1 basis functions
w stream function
Subscripts
i residual number
k node number
av average
Superscript
n Newton iterative index
2 S. Mojumder et al. / Engineering Science and Technology, an International Journal xxx (2016) xxx–xxxdouble cubic cavity, and mentioned that a higher transfer rate can
be achieved optimization between Re and Ri. Sandeep and Sulo-
chana [10] investigated dual solutions for unsteady mixed convec-
tion flow of MHD micropolar fluid over a stretching/shrinking
sheet with non-uniform heat source/sink. Steady mixed convection
in a square lid-driven cavity under the combined buoyancy effects
of thermal and mass diffusion was investigated by Al-Amiri et al.
[11]. Mukhopadhyay and Mandal [12] studied magnetohydrody-
namic (MHD) mixed convection slip flow and heat transfer over
a vertical porous plate. Basak et al. [13] numerically analyzed flow
characteristics as a function of the Prandtl number (Pr) in a square
cavity. Oztop et al. [14] studied natural convection heat transfer in
a partially opened cavity filled with porous media, and observed a
notable enhancement in heat removal with the increment of Gra-
shof number (Gr). Bhardwaj et al. [15] investigated the influence
of wavy wall and non-uniform heating on natural convection heat
transfer and entropy generation inside porous complex enclosure.
Dehnavia and Rezvani [16] numerically investigated natural con-
vection heat transfer of nanofluids in a C-shaped cavity.
Cavity shape is a pertinent parameter in characterizing the flow.
Different cavity shapes (e.g., square, triangular, trapezoidal) with
porous medium were investigated previously. Flow in an L-
shaped cavity attracted much less attention, although this geome-
try is of sufficient practical importance. Previous works [17–21] on
L-shaped cavities are briefly described in Table 1.Table 1
Literature review of studies examining L-shaped cavities.
References Study Boundary condition Parameters
Mahmoodi [17] Free convection,
nanofluid
Vertical left and
bottom wall heated
Ra, aspect ratio
Mahmud [18] Free convection Left vertical heated
wall
Gr, aspect ratio
Angirasa et al. [19] Buoyancy-
induced
convection
Symmetrically
heated L-shaped
Ra, Pr
Kalteh et al. [20] Free convection,
nanofluid
Vertical left and
bottom wall heated
Ra, nanoparticl
concentration e
Sourtiji et al. [21] MHD natural
convection
N/A Ra, Ha, buoyan
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(2016), http://dx.doi.org/10.1016/j.jestch.2016.07.005To the best of the authors’ knowledge, the flow in an L-shaped
lid-driven cavity filled with a porous medium is yet to be reported
in the literature. From the previous investigations identified above,
it is understood that Pr, Gr, Re, Ri, and Da have significant effect on
the rate of heat transfer.
This paper numerically investigates the flow characteristics of
mixed convection in a lid-driven L-shaped cavity filled with porous
medium. The right-hand vertical and horizontal sides of the cavity
are heated, while the lower and upper horizontal boundaries are
maintained at a low temperature. Detailed investigations of flow
characteristics as the function of Da are carried out for different
values of Gr and Re.
2. Problem formulation
2.1. Physical model
Details of the physical problem are presented in Fig. 1. The cav-
ity has an L-shape configuration, which has a certain importance
from an application point of view. The L-shaped cavity of the pre-
sent problem is considered to be filled with a porous medium. It is
assumed that the solid matrix of the porous media does not
undergo deformation and the porous bed is also assumed to be
homogeneous, isotropic, saturated with incompressible fluid. It is
also assumed that the temperature of the phase of the workingResult
Decrement of aspect ratio enhances heat transfer
Minimum heat transfer rate at hot wall corner
Interesting interactions between the horizontal and vertical
entrainment flows
e diameter and
ffects
Heat transfer rate is higher for lower aspect ratio, average Nu
decreases with increment in nanoparticle size
cy effect Ha has negative effect on heat transfer at high Ra
convection heat transfer in a porous L-shaped cavity, Eng. Sci. Tech., Int. J.
ba
L
L
x
y
g
Adiabatic
u = v = 0, T = Tc
u = U0, v = 0, T = Tc
u = v =0, T=Th
Fig. 1. Schematic diagram of the L-shaped cavity.
Table 2
Boundary condition of the present problem in nondimensional form.
Boundary Flow field Thermal field
Top wall: 0 6 X 6 0.5, 0 6 Y 6 0.5 U = 1, V = 0 H = 0
Side wall: X = 0, 0 6 Y 6 1; X = 1, 0 6 Y 6 0.5 U = V = 0 @H
@X ¼ 0
Vertical heated wall: X = 0.5, 0.5 6 Y 6 1 U = V = 0 H = 1
Horizontal heated wall: 0.5 6 X 6 1, Y = 0.5 U = V = 0 H = 1
Bottom wall: 0 6 X 6 1, Y = 0 U = V = 0 H = 0
S. Mojumder et al. / Engineering Science and Technology, an International Journal xxx (2016) xxx–xxx 3fluid is same as the temperature of the solid phase within the por-
ous region, and local thermal equilibrium (LTE) is applicable in the
present investigation [22]. Also, a velocity square term could be
implemented in the momentum equations to model the inertia
effect which is more important for non-Darcy effect on the convec-
tive boundary layer flow over the surface of a body embedded in a
high porosity media. However, this term is neglected in the present
study because the present study deals with the mixed convection
flow in a cavity filled with a porous medium. The left and right ver-
tical walls are kept adiabatic, while the mid-right vertical and hor-
izontal walls are heated (T = Th). The top and bottom walls of the
cavity are kept at constant low temperature (T = Tc). Here, the ratio
a/b is held constant at 1, and a/L = b/L = 0.5. The top wall of the cav-
ity is moving at the lid velocity (u = U0), while the other boundaries
of the cavity are stationary. The co-ordinate system is defined, and
gravitational acceleration acts in the negative y-direction. The radi-
ation effect and viscous dissipation are neglected for this study.
2.2. Mathematical modeling
2.2.1. Governing equations
We consider a two-dimensional, steady, laminar incompressible
flow in an L-shaped cavity filled with air. Conservation of mass and
the energy momentum equation are used to model the problem.
The governing equations [23,24] can be expressed in dimensional
form as:
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Here, F = 1:75ﬃﬃﬃﬃﬃﬃ
150
p
e3=2 ; and the following scales are used to obtain the
non-dimensional form of the governing equations:Please cite this article in press as: S. Mojumder et al., Numerical study on mixed
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TTc
TkTc ; P ¼
p
qU20
;
Da ¼ k
L2
; Pr ¼ ta ; Re ¼ U0Lt ; Gr ¼ gbðTkTcÞL
3
t2
ð5Þ
In Eq. (5), thermal diffusivity (a) and kinematic viscosity (m) are
defined on the basis of the thermal equilibrium of solids and fluids
in a porous medium. These parameters are given by a ¼ keffeq0cpf and
t lfq0, where Keff is the effective thermal conductivity of the porous
matrix, lf is the viscosity of the fluid, e is the porosity, and Cqf is
the specific heat of the fluid. The fluid density is assumed to be
q0 = q (when H = 0).
The governing equations are written in non-dimensional form
as:
@U
@X
þ @V
@Y
¼ 0 ð6Þ
U
@U
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¼  @P
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þ 1
Re
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U ¼ @H
@X
þ V ¼ @H
@Y
¼ 1
Re Pr
@2H
@X2
þ @
2H
@Y2
 !
ð9Þ2.2.2. Boundary conditions
The boundary conditions applied to the present problem are
presented in Table 2.
The average temperature [25] inside the cavity is evaluated by
Hav ¼
R
HdA
1 ab
L2
  ð10Þ
The average Nusselt number in the vertical and horizontal
heated wall is evaluated using the following equations:
Nuv ¼ 1b=L
Z 1
b=L
@H
@X
dY ; Nuh ¼ 1a=L
Z 1
a=L
@H
@Y
dX ð11Þ
The stream function is obtained by
U ¼ @W
@Y
;V ¼ @W
@X
ð12Þ3. Numerical procedure
3.1. Numerical scheme
Numerical simulations were carried out to solve the non-
dimensional equations (6)–(9). The momentum and energy bal-
ance equations were solved using the Galerkin weighted residual
method. A penalty parameter c was used [25] to eliminate the
pressure P. Thus,convection heat transfer in a porous L-shaped cavity, Eng. Sci. Tech., Int. J.
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 
ð13Þ
The continuity equation is automatically satisfied. The momen-
tum equation can be reduced and expressed as:
U
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The systems described by Eqs. (9), (14), and (15) with the given
boundary conditions were solved using the Galerkin finite element
method with the basis set ffkgNk1 as-Fig. 2. Grid independency test for Re = 1, Gr = 105, and Da = 103.
Fig. 3. Code validation against results of Basak et al. [26] for Pr = 0.015, Re = 1, Da = 10
references to color in this figure legend, the reader is referred to the web version of thi
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The Galerkin finite element method forms the following nonlin-
ear residual equations at every node of an internal domain O:
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fidXdY ð18Þ4, and Gr = 105 (red dotted line represents present code). (For interpretation of the
s article.)
Table 3
Code validation against the results of Basak et al. [26].
Nuav
Gr Ref. [26] Present study Error (%)
103 1.001 0.982 1.87
104 1.231 1.198 2.61
105 3.297 3.264 1.00
convection heat transfer in a porous L-shaped cavity, Eng. Sci. Tech., Int. J.
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This set of nonlinear equations was solved using a reduced inte-
gration technique and Newton’s method [25].
3.2. Grid independency test
A grid independence study was performed to ensure the accu-
racy of the solution of the present study. Fig. 2 shows the change
in average Nusselt number in both the horizontal (Nuh) and vertical
(Nuv) walls at Gr = 105, Re = 1, and Da = 103. From the figure, it can
be seen that the Nusselt number becomes more or less constant
when there are more than 4452 elements. While varying the other
pertinent parameters, it was observed that a grid having 4452 ele-
ments was optimal for satisfying the required numerical accuracy
in all cases. Consequently, all computations were carried out with
4452 elements of mesh size and this is considered to be an inde-
pendent grid for the present problem.
3.3. Code validation
To ensure the validity of the present code, the solution obtained
by Basak et al. [26] was taken as the standard for Pr = 0.015, Re = 1,
Da = 104, and Gr = 105 (for streamline and isotherms), and Pr = 10,
Re = 10, and Da = 103 (for Nu variation with Gr). The results of this
comparison are shown in Fig. 3 in terms of streamline and iso-(a) Gr = 103 (b) G
D
a
=
10
-3
D
a
=
10
-4
D
a
=
10
-5
Fig. 4. Effect of Da on streamline for Re = 1
Please cite this article in press as: S. Mojumder et al., Numerical study on mixed
(2016), http://dx.doi.org/10.1016/j.jestch.2016.07.005therms, and in Table 3 in terms of the Nusselt number. From these
results, it is evident that the present code generates results that are
comparable with those of Basak et al. [26] and thus the present
code is considered completely reliable.4. Results and discussion
Different pertinent parameters such as the Darcy number, Gra-
shof number, and Reynolds number were investigated at Prandtl
number, Pr = 6.2 and the porosity e = 0.98 to identify their effect
on the flow field and heat transfer. Results are presented in the
terms of isotherms, streamline contours, and relevant plots.4.1. Effect of Grashof, Darcy, and Reynolds numbers on streamlines
Figs. 4–6 illustrate the effect of the Darcy number on the
streamline for Gr = 103, 104, and 105 at Re = 1, 10, and 100. Fig. 4
depicts the streamline formation at Re = 1 for the aforementioned
Gr values. It can be observed that, when Da = 103, there are two
major circulations inside the cavity. There is a larger vortex that
covers almost the entire cavity, and a smaller, secondary cell that
adheres to the moving lid. The moving lid induces a circulation
along its direction of motion. In contrast, the thermal buoyancy
effect induces another vortex, because the boundary conditions
for these two driving factors oppose one another. As the Grashof
number signifies the relative importance of viscous and buoyant
forces, we can see that, at lower Grashof numbers, when the effect
of viscosity is dominant, the moving lid plays a governing role in
determining the flow field. As a result, a small vortex is inducedr = 104 (c) Gr = 105
at (a) Gr = 103, (b) Gr = 104, (c) Gr = 105.
convection heat transfer in a porous L-shaped cavity, Eng. Sci. Tech., Int. J.
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this secondary vortex diminishes. With higher Gr values, the buoy-
ancy force inside the cavity becomes the major factor in determin-
ing the rotation of eddy. This observation is independent of the
Reynolds number values, and can be seen in Figs. 4–6.
For fixed Reynolds and Grashof numbers, the secondary circula-
tion strengthens as Da increases. The Darcy number is an impor-
tant parameter for single-phase flow through porous media, and
serves as a qualitative measure for a particular flow medium. Dur-
ing flow through highly porous media, the inertia of the flowing
particles is the dominant effect. Thus, highly porous media (with
high Da values) normally reduce the strength of the flow by intro-
ducing instantaneous changes in acceleration. As a result, a lower
Darcy number in a single-phase fluid should yield to a better flow
scenario. As can be seen from Figs. 4–6, reductions in Da almost
always produce a significant increase in strength of the vortices.
Another important parameter for mixed convection heat trans-
fer is the Reynolds number. Figs. 4–6 indicate that higher values of
Re produce a more dominant secondary flow, regardless of the Gr
and Da values. This is consistent with the theoretical prediction
of the flow field, because a higher Reynolds number is related with
a higher lid velocity, and hence a stronger secondary flow.
4.2. Effect of Grashof, Darcy, and Reynolds numbers on isotherms
Fig. 7 represents an isotherm contour map that shows the influ-
ence of Re and Gr on the heat transfer mode and intensity at
Da = 103. From this figure, it is clear that buoyancy has no signif-
icant effect near the horizontal heated wall, as this is at the top ofD
a 
=
10
-5
D
a
=
10
-4
D
a
=
10
-3
(a) Gr = 103 (b) G
Fig. 5. Effect of Da on streamline for Re = 10
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(2016), http://dx.doi.org/10.1016/j.jestch.2016.07.005the configuration. Thus, the primary mode of heat transfer adjacent
to the horizontal heated wall is conduction. This conclusion is sup-
ported by the isotherm contours, which become closely packed and
nearly parallel adjacent to the horizontal wall. Because the convec-
tion is more or less entirely dependent on the intensity of the lid
velocity, viscous effects are dominant here, and increases in Gr
have very little effect on the isotherm pattern. However, the iso-
therms become distorted when the Grashof number is increased
for a particular value of Re. As the Reynolds number rises from 1
to 100, the isotherm contours become much denser near the mov-
ing lid. Increasing the value of Re improves the overall convection.
The variation in the isotherms at Da = 104 and Da = 105 is also
investigated, and a similar pattern as for Da = 103 was observed.
Thus, variation in Da has no significant effect on the isotherms in
the present problem.
4.3. Changes in temperature and velocity profile with variation in
Reynolds number
Fig. 8 illustrates the local non-dimensional temperature and
velocity field information at different Reynolds number values
with Gr = 105 and Da = 103. As the velocity data is taken at
X = 0.25 and Y = 0.25, it is seen that, for Re = 1, there is a hint of
two flow fields with opposite directions. For Re = 10 and Re = 100,
the flow field is fairly constant, indicating either the center of a
vortex or the meeting place of two opposite vortices. The first sce-
nario is true for Re = 10, and the latter is the case for Re = 100. The
local non-dimensional temperature of the fluid is an indicator of
the effective heat transfer. Lowering the local non-dimensionalr = 104 (c) Gr = 105
at (a) Gr = 103, (b) Gr = 104, (c) Gr = 105.
convection heat transfer in a porous L-shaped cavity, Eng. Sci. Tech., Int. J.
Re
= 
10
0
Re
= 
10
Re
= 
1
(a) Gr = 103 (b) Gr = 104 (c) Gr = 105
Fig. 7. Effect of Reynolds and Grashof numbers on isotherms at Da = 103 for Re = 1, 10, and 100 at (a) Gr = 103, (b) Gr = 104, and (c) Gr = 105, respectively.
D
a
=
10
-5
D
a
=
10
-4
D
a
=
10
-3
(a) Gr = 103 (b) Gr = 104 (c) Gr =105
Fig. 6. Effect of Da on streamline for Re = 100 at (a) Gr = 103, (b) Gr = 104, (c) Gr = 105.
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Fig. 9. Variation in average fluid temperature with Da and Gr for (a) Re = 1, (b) Re = 10, (c) Re = 100.
Fig. 8. (a) Y velocity, (b) non-dimensional temperature for Y = 0.25, (c) X velocity, (d) non-dimensional temperature for X = 0.25 for Gr = 105 and Da = 103.
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S. Mojumder et al. / Engineering Science and Technology, an International Journal xxx (2016) xxx–xxx 9temperature of the flow field would interpret that a thermal poten-
tial was present for heat transfer. In this sense, a lower Reynolds
number gives a relatively low local non-dimensional temperature,
which is good for convective heat transfer.4.4. Combined effect of Darcy, Grashof, and Reynolds numbers on
average fluid temperature
The combined effect of the Darcy, Grashof, and Reynolds num-
bers on average fluid temperture inside the cavity is depicted in
Fig. 9. At low Re (Re = 1, 10), the average temperature decreases
with the increment of Grashof and Darcy numbers indicating bet-
ter convective heat transfer rate. It is also observed that, when
Da = 105, there is no significant change in average temperature
with Gr. A similar situation occurs when Gr = 103: the Darcy num-
ber does not have any sigificant effect on average fluid temperature
at low Re (Fig. 9(a) and (b)). Thus, for low Reynolds numbers, it is
desirable to have higher Grashof and Darcy numbers for better
heat transfer rate. Different order of change is visible at Re = 100
(Fig. 9(c)). For this case, at higher Darcy numbers (Da = 103), the
fluid temperature is high and decreases as Da decreases. At
Da = 103, the effect of the Grashof number is quite prominent.
Higher Grashof number indicates some augmentation of heat
transfer for Da = 103. But when the Darcy number decreases to
105, there is no significant effect of Gr on average temperature
of the working fluid. Importantly, variation in average temperatureFig. 10. Variation of Nusselt number in the horizontal heated w
Please cite this article in press as: S. Mojumder et al., Numerical study on mixed
(2016), http://dx.doi.org/10.1016/j.jestch.2016.07.005of the fluid with Darcy and Grashof numbers is affected with the
change in Re. This phenomena causes the flow pattern to change.
For this higher Re (e.g., Re = 100), better convective heat transfer
is obtained with low Darcy and Grashof numbers.4.5. Combined effect of Darcy, Grashof, and Reynolds numbers on
Nusselt number in the heated wall
In the present problem, there are two different heated walls
positioned horizontally and vertically. The horizontal wall is at
the top of the fluid, so there is no buoyancy effect on this wall.
However, the vertically positioned sidewall encounters a signifi-
cant buoyancy effect. At the horizontal wall, heat transfer is
occured as a result of the fluid flow. For this reason, heat transfer
from both the surfaces are analyzed.
Fig. 10 portrays the average Nusselt number within the varia-
tion of the Darcy and Grashof numbers for different values of Re
at the horizontally heated wall. From this figure, we can see that,
increment in the Darcy and Grashof numbers produces better heat
transfer. At low Gr (Gr = 103), there is no significant effect of Da.
This is also true for a fixed Da = 105 and different values of Gr
for low Reynolds number (Re = 1, 10) (Fig. 10(a) and (b)). However,
when the Reynolds number increases to 100, an interesting phe-
nomenon occurs. At low Grashof numbers (Gr = 103) (Fig. 10(c)),
higher Darcy number can retard the heat transfer. To understand
the effect of the Reynolds number, note that the overall Nusseltall with Da and Gr for (a) Re = 1, (b) Re = 10, (c) Re = 100.
convection heat transfer in a porous L-shaped cavity, Eng. Sci. Tech., Int. J.
Fig. 11. Variation of Nusselt number in the vertical heated wall with Da and Gr for (a) Re = 1, (b) Re = 10, (c) Re = 100.
10 S. Mojumder et al. / Engineering Science and Technology, an International Journal xxx (2016) xxx–xxxnumber decreases as the Reynolds number increases. This is due to
the dominance of viscous force which retards the fluid flow, caus-
ing the heat transfer rate to decrease at the horizontal heated wall.
Fig. 11 depicts the average Nusselt number with respect to
Darcy and Grashof numbers at different Re values at the verti-
cally heated wall. At the vertical wall, Fig. 11(a) and (b) show
that heat transfer rate is reduced with the increment of Grashof
and Darcy numbers. At the horizontal wall, the opposite is true.
For low Gr (Gr = 103), there are no significant effects of Darcy
number, and a similar trend can be found when Da is fixed at
105 and Gr is varied. However, for higer Gr and Da (Gr = 105
and Da = 103), heat transfer becomes reduced significantly. Thus,
for low Re (Re = 1, 10), lower Da, Gr values are desirable for bet-
ter heat transfer in the vertical wall. The situation is quite differ-
ent when the Reynolds number is increased to 100 (Fig. 10(c)). A
lower Darcy number (Da = 105) and higher Grashof number
cause the heat transfer rate to increase. In this case, increasing
the Darcy number reduces heat transfer, and this is independent
of the Grashof number. Again, increasing the Reynolds number
causes the heat transfer rate to increase. This is due to the fact
that the viscous force causes a vortex to form nearer to the ver-
tically heated wall.5. Conclusions
Heat transfer in an L-shaped geometry requires detailed analy-
sis, as it is widely encountered in many engineering problems. ForPlease cite this article in press as: S. Mojumder et al., Numerical study on mixed
(2016), http://dx.doi.org/10.1016/j.jestch.2016.07.005the convenience of readers and other researchers around the globe,
our key findings are recalled in the following points:
 Mixed convection in an L-shaped cavity filled with porous
media calls upon optimization of different parameters such as
Reynolds, Darcy, and Grashof numbers.
 Higher Darcy and Grashof numbers result in lower average fluid
temperatures at low Reynolds number (Re = 1, 10), whereas low
Grashof and Darcy numbers are desirable when the Reynolds
number is high (Re = 100) to lower the average fluid tempera-
ture inside the cavity. The average temperature of the fluid
decreases by up to 8% with higher Grashof and Darcy numbers.
 For the horizontally heated wall, higher Darcy and Grashof
numbers produce better heat transfer rate. Low Reynolds num-
ber gives better heat transfer, as the viscous force becomes
more dominant in this flow regime. This phenomenon increases
the heat transfer rate by up to 10%.
 For the vertically heated wall, low Darcy and Grashof numbers
are preferable when Re is low, and the heat transfer rate can be
enhanced by up to 6% in this case. However, for higher Reynolds
numbers (e.g., Re = 100), a low Darcy number and high Grashof
number are preferable for increasing the heat transfer rate.Acknowledgement
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